The activity of comet Hale-Bopp (C/1995 O1) was monitored monthly by optical imaging and long-slit spectroscopy of its dust and gas distribution over heliocentric distances of 4.6 to 2.9 astronomical units. The observed band intensities of the NH 2 radical and the H 2 O ϩ ion cannot be explained by existing models of fluorescence excitation, warranting a reexamination of the corresponding production rates, at least at large heliocentric distances. Comparing the production rate of the CN radical to its proposed parent, HCN, shows no evidence for the need of a major additional source for CN in Hale-Bopp at large heliocentric distances. The dust and CN production rates are consistent with a significant amount of sublimation occurring from icy dust grains surrounding Hale-Bopp.
The activity of comet Hale-Bopp (C/1995 O1) was monitored monthly by optical imaging and long-slit spectroscopy of its dust and gas distribution over heliocentric distances of 4.6 to 2.9 astronomical units. The observed band intensities of the NH 2 radical and the H 2 O ϩ ion cannot be explained by existing models of fluorescence excitation, warranting a reexamination of the corresponding production rates, at least at large heliocentric distances. Comparing the production rate of the CN radical to its proposed parent, HCN, shows no evidence for the need of a major additional source for CN in Hale-Bopp at large heliocentric distances. The dust and CN production rates are consistent with a significant amount of sublimation occurring from icy dust grains surrounding Hale-Bopp.
Most comets brighten sufficiently for detailed observations when their orbit brings them within 3 astronomical units (AU) from the sun. Our knowledge is, therefore, largely based on observations made when the activity is dominated by H 2 O sublimation from the nucleus. Few comets have been observed far from the sun, where activity is driven by the second most abundant volatile, CO. Yet, studying the evolution of gas and dust activity over a large range of heliocentric distances, r h , is important to characterize the composition and structure of the nucleus. The discovery of the bright comet Hale-Bopp (C/1995 O1) at about 7 AU has allowed us to observe the evolution of the comet over a large part of its orbit, as it approaches perihelion (r h ϭ 0.91 AU) on 1 April 1997.
We monitored Hale-Bopp from April to October 1996 with broadband filters and long-slit spectroscopy at optical wavelengths to determine its activity at r h from 4.6 AU to 2.9 AU where the changeover from a CO-dominated to a H 2 O-dominated activity takes place. We concentrated on observations taken in April, June, August, and October 1996 at the 1.52 m Danish telescope at the European Southern Observatory (ESO), Chile (1). In addition, we present a narrow band filter (2) image of the CN gas distribution. These observations are complemented by long-slit spectra taken on 10 through 16 September 1996, at the 1.93 m telescope of the Observatoire de Haute Provence (OHP), France (3). Enhanced images of jetlike features seen from April to October 1996 (Fig. 1A) showed that some jets appear to bend away from the sun as the cometocentric distance increases. The sense of curvature of the jets suggests that they were bent mainly by solar radiation pressure, and not by radiation of the nucleus. However, long-term morphology changes and changes in intensity of the jets can be used to derive the rotation of Hale-Bopp and the distribution of outgassing areas (4) . Here, we concentrate on the overall dust distribution and its relation to gas emission in order to understand the evolution of Hale-Bopp's outgassing and unusual as- pects in some of the observed excitation bands.
The azimuthal distribution of the dust over 6 months ( Fig. 2) showed that the prominent jet features in the coma (Fig. 1 , A to D) represent enhancements in dust intensity of only 25% above the background level. The similarity between the overall distributions of dust over this 6-month period is striking. The maximum observed emission was directed roughly to the north, not toward the projected sun direction, as one would expect for isotropic emission from the sunward hemisphere of the nucleus. However, because of strong projection effects, it is difficult to quantify the angle between the direction of maximum emission and the solar vector. The north to south emission ratio of dust in the coma increased from 2.2 to 2.7 from June through October 1996. Images of the CN in the coma obtained in August 1996 showed a fan of CN emission that is also roughly toward the north (Figs. 1B and 2), with the maximum emission directed 20°to the west, in agreement with the overall dust distribution. Thus, the CN gas distribution confirms the asymmetric outgassing in Hale-Bopp. The north-to-south asymmetry could imply that the distribution of active areas on the surface is asymmetric, or there is a constantly illuminated pole in the northern hemisphere. Alternatively, there could be a morning-afternoon asymmetry due to thermal lag of the nucleus, leading to increased sublimation from the afternoon side after the comet has warmed up as it rotates. This configuration would imply that the comet cannot be a slow rotator and its rotation axis would be close to the ecliptical plane, thus perpendicular to the orbital plane of the comet. A third possible explanation would be a projection effect of emission from several active areas emitting at the same position angle. The persistence of the emission pattern may be related to the small changes in the sun illumination and Earth viewing aspect angle of the active sources over the observed orbit arc. If the asymmetry is a projection effect, then we would expect to see significant changes in the azimuthal distribution before and through perihelion since the position of the sub-solar point on the nucleus changes rapidly during perihelion passage (5) .
The continuum intensity can be related to the dust production rate, Q dust , through the so-called Af parameter (6) . We used the central part (400,000 km radius) of the R filter images ( Fig. 1 ) to determine Af and compare it with the gas production rate as a function of time (Table 1) . From the Af parameter Q dust was computed (Table 1 ) using a standard model (7). The ratio Q dust /Q gas decreased by about a factor of 3 between April and October 1996. Such behavior is surprising, since one would expect Q dust to increase with Q gas . We estimated possible observational sources for this effect. Possible contamination of the R filter measurements by gaseous emissions tends to increase Af with decreasing r h . The dust intensity from a comet is expected to be enhanced at small phase angles because of high backscattering efficiency. This might have increased the Af of Hale-Bopp in June by up to 50%, but no substantial effect is expected for phase angles larger than 10° (6) . Therefore, the nearly constant temporal behavior of Af is real. A nearly constant behavior of Af at large r h was also observed for comets Bowell 1980b and P/Halley (6, 8) . From these and other comets observed at large r h it was proposed (8) that a halo of icy grains could enhance the albedo of the observed particles and thus increase the measured Af. We suggest that a similar halo of icy grains existed in Hale-Bopp. The increase in Q dust is then compensated by a decrease in albedo with decreasing r h , as the icy grains sublime and refractory grains with lower reflectivity begin to dominate the dust emission. Indeed, icy grains were detected through their infrared signatures in Hale-Bopp at r h ϭ 7 AU (9). Fading grains had been proposed to explain relatively steep radial gradients ( Ϫ1.5 in comet Tempel 2) of the dust intensity (10). To , r h ϭ 3.1 AU, ⌬ ϭ 2.9 AU; (E) 3 October 1996, 1:10 UT, r h ϭ 2.9 AU, ⌬ ϭ 3.0 AU. The spectra are averages of several columns in our two-dimensional (2D) long-slit spectra, taken slightly displaced from the nucleus [5 ϫ 10 4 to 6 ϫ 10 4 km, (B) at 1.3 ϫ 10 5 km] to increase the contrast between gas and continuum. The spectrum from September 1996 (D) is an average of several observations taken at the 1.93 m telescope at OHP, while all other spectra are from observations at the 1.52-m Danish telescope. Emission bands of CN, C 2 , C 3 , and NH 2 are present in all spectra taken. ( The spectra from April and June had strong contamination by straylight in the blue spectral region which was subtracted. This led to an oversubtraction of faint C 3 emission.) (F) is extracted from our 2D spectrum on 3 October 1996, at 10 6 km in the anti-sunward direction and shows several emission bands of CO ϩ and H 2 O ϩ , in addition to CN and C 2 bands. Only the strongest CO ϩ emissions are indicated.
SCIENCE ⅐ VOL. 275 ⅐ 28 MARCH 1997 ⅐ http://www.sciencemag.org study if a similar gradient exists in Hale-Bopp, we have determined the radial dependence of the dust using the narrow-band continuum image from 20 August 1996. An intensity gradient of Ϫ1.10 is found between 3000 km and 50,000 km. This gradient is rather low for fading grains, and sublimating particles are therefore not strongly influencing the spatial dust distribution.
Hale-Bopp's optical spectrum changed as it approached the sun (11) (Fig. 3) . At 3880 Å the strong emission bands of CN were seen in all our spectra. This band was the first gas emission detected in Hale-Bopp at 6.8 AU (12) . However, for r h Ͼ 5 AU, no other emissions at optical wavelengths were reported (13) . It therefore came as a surprise that our spectra taken in April 1996, at r h ϭ 4.6 AU (Fig. 3A) , showed emissions for C 2 , C 3 , and NH 2 that are usually seen in comets closer to the sun. For some of the molecules, such as C 3 and NH 2 , this is the largest r h they have yet been observed.
As Hale-Bopp moved closer to the sun (r h ϭ 3.3 AU, Fig. 3C ), the first emissions of the ions of the major cometary constituents, H 2 O ϩ and CO ϩ appeared [CO ϩ was first reported on 17 August 1996 (14)]. Their sublimating parents, CO and H 2 O (inferred from OH), were detected at r h Ͼ 6 AU and r h ϭ 4.8 AU, respectively (15, 16) . It is likely that the strong dust continuum and some time-variability in the ion tail are responsible for the relatively late detection of the ion emissions. At 3.1 AU, the weak emissions from CH and CH ϩ appeared at 4310 Å and 4235 Å, respectively.
To derive gas production rates from the observed line fluxes, a molecular excitation model is needed in combination with a coma outflow model. Both models make several assumptions, that may not be valid for Hale-Bopp at large r h . Determination of relative band ratios of emission features is useful for testing the validity of fluorescence excitation models, which are used to translate the observed fluxes into column densities. The mean ratio of the C 2 (⌬v ϭ 1/⌬v ϭ 0) bands is found to be 0.53 Ϯ 0.05, in agreement with the theoretical ratio of 0.54 (17) . The emission bands of NH 2 in the spectra of Hale-Bopp showed an anomaly at large r h . Bands with an even upper vibrational quantum number vЈ 2 , (0, 10, 0) and (0, 8, 0), are much stronger than bands with an odd vЈ 2 . The odd bands, (0, 9, 0) and (0, 7, 0), do appear near r h Ϸ 3.1 AU and increase somewhat in strength thereafter, but they remain faint until 2.9 AU. For instance, the (0, 9, 0) band is at least six times weaker than expected from fluorescence excitation models whereas the observed (0, 10, 0)/(0, 8, 0) intensity ratio is about 1.2, close to the predicted value (18) {contamination of the (0, 8, 0) band by [OI] emission is negligible}. For this ratio we find no obvious trend with r h between 4.6 and 2.9 AU. Production rates of NH 2 are used to derive the NH 3 abundance in comets. Because the ratio of NH 3 to N 2 and CO is temperature-dependent, and can therefore help define the formation conditions of comets and the amount of chemical processing, reliable Q NH 2 values are needed. The anomalous NH 2 emissions seen in Hale-Bopp beyond about 3 AU suggest that it will be necessary to reexamine the validity of fluorescence excitation models and therefore the production rates derived from these models. Spectra from Hale-Bopp near perihelion are required to verify if the excitation conditions are then similar to those seen in other comets and are in agreement with models applied near r h ϭ 1 AU.
A similar anomaly in excitation was observed for H 2 O ϩ . At 3.3 AU only the (0, 8, 0) band is present, although the (0, 7, 0) band near 6550 Å should be equally strong (19) . The (0, 7, 0) band appeared weakly at 2.9 AU. Because NH 2 and H 2 O ϩ have the same spectroscopic structure it is not surprising that their emission bands behaved in the same manner, but their excitation at large r h cannot be explained by current excitation models (18, 19) .
Because of the selection rules for NH 2 and H 2 O ϩ transitions, the even vЈ 2 bands only involve even lower rotational levels, and the odd vЈ 2 bands only odd lower levels (20) . This might explain why the ratio of bands with even vЈ 2 is close to the predicted value, while the ratio of odd to even vЈ 2 is not. However, there is apparently no reason why even and odd lower states in NH 2 should not be more or less equally populated at large r h . The different molecular structure of their parents, NH 3 and H 2 O, and the different formation processes, photodissociation and photoionization, make a different level population caused by the creation process unlikely. An additional excitation mechanism, like collisions, might play a role only in the innermost regions of the coma. Instead, we think that the solution will be found through a detailed study of the radiative processes as they apply to the particular molecular structure of NH 2 and H 2 O ϩ . This suggestion is based on evidence indicating that these molecules are rotationally extremely cold in Hale-Bopp at large r h .
To derive production rates we used the Haser model (21) which assumes isotropic outgassing at constant speed and photodissociation of the parent and daughter molecules. Although this model is not strictly valid, it serves as a good reference model when comparing different observations. We used a gas Table 1 . The Af parameter, dust production rate, Q dust , and the ratio of dust production to total gas production rate, Q gas [determined by adding the CO and OH production rates from radio observations (25) . 4 . CN production rate over heliocentric distance. Rates at 6.8 AU and 5.0 AU (squares) are taken from (4, 5) , all other rates are from this study (triangles). The CN production rate shows a strong increase around 4.6 AU. For comparison, the production rates of HCN (18), the probable parent of CN, are shown (diamonds). velocity of 1 km s Ϫ1 at 1 AU and scaled it to the observed distance by r h Ϫ0. 5 . The destruction scale lengths for the parent and daughter molecules were determined from observations near the sun and it is unclear if they are applicable at large r h . We tested if three different sets of scale lengths (8, 22, 23) could approximate our spatial emission profiles from long-slit spectra in Hale-Bopp. The scale lengths given by (22) approximate the observed profiles the best, although values by (23) give similar results (24) . Straylight prevented us from deriving Q C 3 at large r h . However, Q C 3 was derived from the spectrum taken at OHP, which is free from such straylight ( Table 2 ). The rates for NH 2 were derived from the (0, 10, 0) band, although the unusual excitation of NH 2 means that rates may not be valid. For August, a lower limit for the CN production rate was calculated from our CN frame. This rate is 30% below the value derived from the spectra, which represents good agreement giving the various uncertainties in parameters. From the production rates (Table  2 ) derived under the simplifying assumptions made above, we can see the general trend of activity and determine the mean ratio of C 2 to CN. With a mean log(C 2 /CN) ϭ 0.1 Ϯ 0.2 between 4 to 3 AU, Hale-Bopp falls into the range of typical comets as defined by (8) .
Observations of CN gave us the largest coverage of gas activity in Hale-Bopp from 7 to 3 AU (Fig. 4) . While the gas production at r h Ն 5 AU was low (12, 13) , it increased between 5 and 4.6 AU. At r h ϭ 4.6 AU, we also detected C 2 , C 3 , and NH 2 . The increase in CN production rate coincides with the first detection of OH at 4.8 AU (16), and its subsequent strong increase (25) . It is therefore suggestive to relate the enhanced Q CN , which is indicative for that of its main parent HCN, to the increase in H 2 O sublimation.
The increase in Q HCN with increasing Q H 2 O could be explained by additional HCN provided from the nucleus surface or by an additional sublimation source, such as icy-dust grains in the coma. The Infrared Satellite Observatory measured a color temperature of T ϭ 160 K in the range of 6 to 12 m at r h ϭ 4.6 AU (26), at the same time as Q CN increased. The free sublimation temperature of H 2 O ice is 152 K (27) , suggesting that the increase in Q CN was linked to the sublimation of H 2 O ice and not to the sublimation of pure HCN ice (which sublimes at 95 K). An increase in Q CO was observed near r h ϭ 4.5 AU (25, 28) , but by a much smaller amount than Q CN . This is not surprising in view of the large amount of CO coming directly from the nucleus. Evidence for H 2 O sublimation from grains has also been found in radio observations of OH (25) .
From a recent comparison of many comets, and previous observations, it was proposed that sublimation of relatively pure H 2 O ice grains could explain the observed small Q CN / Q OH ratio seen in comets with perihelia Ն2.5 AU (8). However, such pure H 2 O ice grains cannot explain the observed increase in Q CN around 5 AU in Hale-Bopp. We propose that icy grains in Hale-Bopp, beginning to sublime around 5 AU, are relatively fresh and have a composition similar to the nucleus surface. Such grains would serve as a natural source for the additional CN observed at 5 AU.
Observations of CN jets in Halley and comparison to Q HCN led to the proposition that CN might be partially released from small dust grains (29) . Comparing the gas and dust distribution (Fig. 2) , CN does not appear to be related to the spatial distribution of dust to first order. The distribution of CN is, however, consistent with the HCN distribution inferred from sub-mm observations (25) . This suggests that visible dust is not a significant source of CN in Hale-Bopp. (Evaluation of the C 2 distribution shows qualitatively the same spatial distribution as CN, implying a similar distribution of its source.) However, the possibility of CN coming from small grains, invisible at optical wavelength, or from additional parent molecules, remains (8) . Two additional parent molecules for CN, CH 3 CN and HNC, have recently been discovered in comet Hyakutake (C/1996 B2) (30) . Measurements in Hale-Bopp give a ratio of CH 3 CN to HCN of 12 Ϯ 2% at 3 AU, and about 20% HNC to HCN at 1.5 AU (25) . Thus, about 30% of CN can come from these additional volatiles retained in the ice. To study if an additional source is required for Hale-Bopp, we compare Q CN and Q HCN (Fig.  4) . From these measurements, we conclude that a major additional source of CN (for example, from the refractory component) is not required in Hale-Bopp in the r h range studied.
